Arterial spin labeled (ASL) perfusion MRI provides a noninvasive approach for longitudinal imaging of regional brain function in infants. In the present study, continuous ASL (CASL) perfusion MRI was carried out in normally developing 7-and 13-month-old infants while asleep without sedation. The 13-month infant group showed an increase (P < 0.05) of relative CBF in frontal regions as compared to the 7-month group using a region of interest based analysis. Using a machine-learning algorithm to automatically classify the relative CBF maps of the two infant groups, a significant (P < 0.05, permutation testing) regional CBF increase was found in the hippocampi, anterior cingulate, amygdalae, occipital lobes, and auditory cortex in the 13-month-old infants. These results are consistent with current understanding of infant brain development and demonstrate the feasibility of using perfusion MRI to noninvasively monitor developing brain function.
Introduction
Structural and functional imaging methods hold the potential to provide new insights into normal and abnormal brain development. Magnetic resonance imaging (MRI) methods are uniquely capable of providing high-resolution structural images and functional contrast within the same noninvasive modality. Structural MRI provides a variety of structural contrasts and the highest resolution of any in vivo imaging modality. Most functional MRI carried out to date has utilized blood-oxygenation-level-dependent (BOLD) contrast, which is sensitive to transient changes in regional cerebral blood flow (CBF) and metabolism that occur in response to task activation or other perturbations. Children as young as 5 years old can be trained to perform sensorimotor and cognitive tasks within the spatially confining and noisy MRI environment. Sleeping infants may also show BOLD fMRI responses to sensory stimulation (Souweidane et al., 1999) , including activation of a temporo-parietal-frontal network similar to that seen in adults when listening to speech (Dehaene-Lambertz et al., 2002 . However, a limitation of BOLD fMRI is that it is primarily useful for studying task-evoked responses, and the results must generally be considered in the context of the evoked behavioral response. The presence of low-frequency noise in the BOLD fMRI signal renders it poorly sensitive to changes occurring over periods longer than minutes (Zarahn et al., 1997) : thus baseline functional "states" are difficult to reliably address with BOLD, though some studies have attempted to do so (Small et al., 2000; Rombouts et al., 2007) and biophysical models of resting BOLD contrast continue to be developed (He and Yablonskiy, 2007) . BOLD fMRI time series data acquired at rest can also be used to assess functional connectivity (Biswal and Ulmer, 1999) , default mode networks (Raichle et al., 2001; Greicius et al., 2003 Greicius et al., , 2004 , or functional state variation within prior regions of interest (ROIs) (Iannetti et al., 2005 ).
An alternative strategy for imaging brain function is to correlate resting metabolism with cognitive performance assessed outside of the scanner. This approach is useful for correlating regional variations in brain function with variations in task performance across a cohort of patients with performance deficits, or for measuring regional brain function with behavioral changes over time. Such an approach carried out by metabolic mapping using positron emission tomography (PET) scanning with fluorodeoxyglucose (FDG) has been used to identify patterns of changing brain function associated with development (Chugani et al., 1987) and cognitive disorders such as Alzheimer's disease (Hoffman et al., 1989; Kadir et al., 2006 ) and Parkinson's disease (Huang et al., 2007) .
Arterial spin labeled (ASL) perfusion MRI uses magnetically labeled arterial blood water as a nominally diffusible flow tracer. Labeling the inflowing blood water proximal to the target imaging region, the perfusion signal is subsequently calculated by comparison with a separate image acquired using a control pulse without labeling the blood flow to remove the static background signal and control for magnetization transfer effects. To increase the signal-to-noise ratio (SNR), this procedure is usually repeated many times in several minutes to get a time-averaged CBF value. ASL techniques are capable of quantifying cerebral blood flow in well-characterized physiological units of ml/100 g/min (Williams et al., 1992) , directly analogous to exogenous tracer methods using ionizing radiation with PET. ASL perfusion MRI provides a quantitative measure of regional brain function that has been successfully used to identify changes in baseline function associated with aging (Biagi et al., 2007) , phenotypes such as Alzheimer's disease , and more recently with genotype .
The present study was carried out to assess the feasibility of using ASL perfusion MRI to examine changes in regional brain function associated with infant development from 7 to 13 months in a cross-sectional cohort studied while sleeping without sedation as part of the Santa Fe Institute Consortium project. Two approaches were used to assess the functional data acquired using ASL perfusion MRI. First, developmental changes were examined in a priori regions of interest (ROI) selected based on previous developmental pediatric brain FDG-PET imaging studies (Chugani and Phelps, 1986; Chugani et al., 1987) . Second, regional brain function change between the 7-month and 13-month groups was also assessed in whole brain using a machine-learning algorithm, the support vector machine (SVM) (Burges, 1998) . SVM can be used to extract a whole brain discrepancy map from the trained classifier without any a priori feature selection (LaConte et al., 2005; Mourão-Miranda et al., 2005; Wang et al., 2006 Wang et al., , 2007b yielding the regional maximum perfusion difference between these two age groups. Permutation testing was performed to test the significance of the SVM extracted 13-vs. 7-month brain perfusion discrepancy by testing the null hypothesis that there are no developmental brain perfusion differences between 13-month-old and 7-month-old infants.
Methods
Normal infants were recruited to undergo MRI scanning during natural sleep, including both structural imaging and ASL perfusion MRI as part of a large multi-site study of infant brain development sponsored by the Santa Fe Institute. Parental consent to participate in a broad range of serial cognitive, electrophysiological, and MRI testing was obtained for all participants. Here we report initial results from a cross-sectional study of 19 infants imaged at 7 or 13 months of age studied at a single site (Rutgers University).
Data acquisition
MRI scanning was carried out at 1.5 T (GE Signa 5.X) using a product adult head coil. Infants were fed and allowed to fall asleep. Foam padding restricted head movement and provided sound attenuation (Paterson et al., 2004) . Standard T1-and T2-weighted MRI was performed. Continuous ASL perfusion MRI was performed using a 3D fast spin echo (FSE) sequence with an interleaved stack of variable density spirals acquisition (Spielman et al., 1995; Liao et al., 1997) . Continuous labeling was performed using the amplitude modulated control approach (Alsop and Detre, 1998) . For hardware compatibility, the labeling was performed for 60 ms followed by a 40 ms gap. Labeling was performed for a total duration of 1.2 s and a 1 s post-labeling delay was used to allow labeled spins to reach the imaging volume. Background suppression with adiabatic inversion pulses (Ye et al., 2000) was used to suppress the static brain signal and associated physiological noise (Ye et al., 2000) . Images were acquired with a 3.8 mm cubic resolution. Three 1.5 min acquisitions were sequentially performed, followed by a reference acquisition without suppression for blood flow quantification.
Data preprocessing
Raw K-space ASL perfusion MRI data were stored at the scanner console. ASL perfusion MRI images reconstruction was performed using a Linux workstation with a gridding method (Meyer et al., 1992) implemented in customized software. After image reconstruction, an SPM2 (Wellcome Department of Cognitive Neurology, London, UK, http://www.fil.ion.ucl.ac.uk) based ASL data processing toolbox, ASLtbx (Wang et al., 2007a) was used for preprocessing ASL data. The 3 ASL image pairs were averaged and smoothed with a 3-D isotropical kernel of size 6 mm. CBF values were derived from the averaged ASL image pair using a modified one-compartment model (Chalela et al., 2000) . CBF maps showing spuriously low values (< 20 ml/100 g/min for whole brain) suggested ineffective labeling and were discarded. Even after discarding data sets with extremely low global CBF there remained considerable variability in observed CBF values, which was most likely due to variability in labeling efficiency. Accordingly, for assessing group data, CBF maps were converted to relative CBF (rCBF) by adjusting global CBF to a fixed value of 50 ml/100 g/min.
The T1-weighted images acquired concurrently were normalized to the MNI canonical template provided by SPM2 software. The normalized T1 images were averaged to provide a studyspecific template, which was then subsequently used in a second normalization for both T1-weighted images and the CBF maps.
Average CBF maps for the 7-month and 13-month groups were generated from the spatially normalized rCBF maps, along with a difference map. An ROI analysis was then performed to compare the CBF percentage change in sensorimotor (Brodmann's areas 4-6), visual (areas 17-19) auditory (areas 40-42), and dorsolateral frontal (areas 8-9, 44-46) regions based on the Wake Forest Pick atlas utility (Maldjian et al., 2003) .
SVM classification and permutation testing
To reduce the computational burden for SVM classification, only intracranial voxels were considered. All intracranial voxels of each subject's spatially normalized rCBF image were stacked into a column vector. After mean centering, all subjects' rCBF vectors were grouped into an rCBF matrix. To further reduce the computational burden of SVM classification, a principal component analysis based data dimension reduction was applied (Vetterling and Flannery, 2002) . Standard singular vector decom-position (SVD) (Vetterling and Flannery, 2002) was used to calculate all nonzero eigenvalue associated eigenvectors (called nonzero eigenvectors in the following content) along the time dimension of the rCBF data matrix. Each rCBF vector was then projected into the subspace spanned by the nonzero eigenvectors, yielding a representing coefficient vector. Since the number of voxels was much greater than the number of subjects (16 after excluding spurious data), theoretically, the rCBF data matrix had only 16 nonzero eigenvectors (Golub and Loan, 1996) . The large rCBF data matrix was therefore compressed to a 16 × 16 matrix without any signal loss. Each column vector of the compressed matrix was then input into the SVM classification process as a training sample of one of the two subgroups. The samples from the 7-month group and 13-month group were labeled with "A" and "B", respectively. SVMlight software (Joachim, 1999) was used to train a linear SVM classifier. The source code of this software was modified to allow reading of binary image representation coefficients, permutation operations, and calculation the discrepancy map from the trained classifier. The discrepancy map was generated by back projecting the separating weight vector of the trained SVM classifier into the original image space through multiplication with the nonzero eigenvectors described above (Mourão-Miranda et al., 2005; Wang et al., 2007b) .
To test the null-hypothesis that there is no perfusion discrepancy between the two different age groups, permutation testing (Nichols and Holmes, 2002; Mourão-Miranda et al., 2005) was performed by randomly permuting the class labels of all CBF vectors 2000 times, and a corresponding discrepancy map was extracted. For each voxel in the normalized image space, a P value was calculated as the proportion of the discrepancy map values from 2000 permutations that are no less than the original discrepancy map value.
Results
Acceptable CBF data were obtained from 8 infants aged 6.9 ± 0.2 months and 8 infants aged 12.7 ± 0.2 months, corresponding to a success rate of 84%. Group maps of spatially normalized relative CBF (rCBF) are shown in Fig. 1 . From the top to the bottom are the average rCBF of the 7-month group, the average rCBF of the 13-month group, and the difference map of 13-month minus 7-month. An increase in rCBF is evident in dorsolateral prefrontal, insular and cingulate cortex. Fig. 2 shows statistical analysis results of the CBF percentage change from the a priori ROIs. A significant increase in the frontal ROI is observed (P= 0.04), along with a significant decrease in the sensorimotor ROI (P= 0.02).
The SVM classification results are shown in Fig. 3 . In this pseudo-color image, red corresponds to increased rCBF in the 12-month group and blue corresponds to decreased perfusion in the 13-month group. The whole perfusion discrepancy map (Fig. 3A) shows a perfusion increase in the orbitofrontal region, hippocampi, amygdalae, anterior cingulate gyri, auditory regions, and parietal and the occipital regions in the 13-month group. Fig. 3B shows the suprathresholded clusters, which have permutation probabilities less than 0.05 and cluster size greater than 80 voxels. Significant (P < 0.05 permutation testing) perfusion increases were demonstrated in the anterior cingulate gyri, amygdalae, hippocampi, lateral orbitofrontal cortex, auditory region, and parietal and Fig. 1 . Relative CBF maps (normalized to 50 ml/100 g/min) from 7-month-old (n = 8, top) and 13-month-old (n = 8, middle) infants, along with a difference image showing increased CBF in frontal regions with development (bottom). occipital regions. Perfusion decreases were observed in the right temporal lobe, right prefrontal region, and the left putamen.
Discussion
This study demonstrates the feasibility of using ASL perfusion MRI as a noninvasive functional imaging method for studying developmental changes in regional brain function. Useable ASL data were obtained from a high percentage of infants studied while asleep, though due to the observed variability in absolute CBF maps group analyses had to be performed on relative CBF maps following normalization.
Based on rCBF data extracted from a priori ROIs determined from previous FDG-PET studies Phelps, 1986, Chugani et al., 1987) , a significant relative perfusion increase (P < 0.05) in prefrontal cortex and significant relative perfusion decrease (P < 0.05) in the primary motor area were found in the 13-month cohort as compared to the 7-month cohort. Functional maturation of lower-order association anatomical structures precedes that of higher-order association areas (Kagan, 1972; Fuster, 1984; Goldman-Rakic, 1984; Gogtay et al., 2004) , and the increasing CBF observed in the prefrontal ROI between 7 and 13 months coincides with the appearance of higher cortical and cognitive abilities associated with these regions (Kagan, 1972; Fuster, 2002; Shaw et al., 2006) .
Through SVM based auto-classification, significant (P < 0.05 permutation testing) perfusion increases were found in anterior cingulate gyri, amygdalae, hippocampi, lateral orbitofrontal cortex, auditory region, and parietal and occipital regions. Perfusion increase in the limbic regions (amygdalae, hippocampi, anterior cingulate) implies increasing development of emotion and memory skills in 13-month-olds as compared to 7-month-olds, and is also consistent with prior observations (Paterson et al., 2006; Grossmann and Johnson, 2007) .
These ASL data were acquired as part of a longer multimodal MRI protocol using predefined parameters for the location of the CASL inversion plane. While this approach produced fairly consistent CBF values in prior adult studies, in the infant brain a larger variability of labeling efficiency probably occurred due to variability in positioning of the infant within a standard head coil. ASL data were also acquired at the end of the imaging session and may therefore also have been somewhat degraded by motion. Although the 3D imaging sequence used for ASL acquisition in the present study has the advantage of whole brain coverage and facilitates suppression of the static brain signal, it does not produce time series data that allow motion effects to be readily assessed. Future studies of infant development using ASL will require individualized labeling parameters to optimize CASL labeling efficiency, or the use of less sensitive pulsed ASL (PASL) labeling schemes that should be less sensitive to labeling geometry. Several recent improvements in ASL methodology including high field strength (Wang et al., 2002) , parallel imaging (Wang et al., 2005) , and pseudo-continuous labeling (Garcia et al., 2005) can also dramatically increase the signal-to-noise and hence the sensitivity and resolution of ASL perfusion MRI.
These findings suggest that ASL perfusion MRI should be useful in characterizing brain development even in infants studied during natural sleep without sedation. This was a cross-sectional study carried out in a relatively small number of subjects. The same approach carried out longitudinally in a larger cohort would provide markedly enhanced sensitivity for developmental changes. Functional localization can also be obtained with this approach by correlating regional changes in resting CBF with behavioral indices, based on the premise that changes in behavioral performance can be associated with stable changes in baseline brain function.
